Membrane technology can be used to recover high purity water from power station flue gas streams. In this work, the effect of temperature on water vapour and CO2 permeation properties of Sulphonated Poly (Ether Ether) Ketone (SPEEK) with two different ion exchange capacities were investigated (1.6 meq/g and IEC 1.9 meq/g). It was found that both permeabilities increased with increasing water activity due to increased water solubility as water concentration increased. SPEEK with IEC 1.9 meq/g exhibited higher water permeability and selectivity than IEC 1.6 meq/g. At humidities greater than 50%, both water vapour and CO2 permeabilities also increased as temperature increased up to 50°C due to the increase in diffusion of the penetrating molecules. However as temperature increased further, a significant drop in the permeability of both water and carbon dioxide occurred. This decrease was attributed to the formation of water clusters that filled the free volume in the polymer and hindered the diffusion of isolated molecules. This decrease in diffusion coupled with a reduction in solubility with increasing temperature resulted in the performance decline.
Introduction
Brown coal fired power plants produce large amounts of flue gases containing water vapour, CO2, N2, O2, nitric oxides(NOx), sulphur dioxides(SO2) and fly ash. There is the potential to recover the water vapour in these flue gases using membrane technology for reuse in the process. However, for this purpose, the water recovered needs to be of sufficient purity with minimal concentrations of the acid gases, CO2, SOx and NOx. The presence of these gases would result in an acidic water stream that would cause significant corrosion issues [1] .
Sulphonated Poly (Ether Ether) Ketone (SPEEK) is a sulphonated polymer that possesses excellent proton conductivity [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] (Figure 1 ). The presence of hydrophilic -SO3H end groups increases water uptake in the polymer by increasing interactions between the water molecules and the end groups [6, 11, [13] [14] [15] .
SPEEK can be synthesized via direct polymerization of sulphonated monomers or postsulphonation of Poly (Ether Ether) Ketone (PEEK) [16, 17] . PEEK is a crystalline thermoplastic that has a high chemical resistance and is only soluble in very concentrated nitric and sulphuric acids. It is this hydrophobic backbone that provides the mechanical and thermal stability of the SPEEK polymer. The addition of hydrophilic sulphonic acid end groups (-SO3H) makes SPEEK an amorphous polymer that has both hydrophilic and hydrophobic regions [16] . The degree of hydrophilicity of SPEEK is determined by the degree of sulphonation (SD) of the polymer.
It is well known that sulphonation of a polymer improves the water permeation properties [3, 4, 6, [16] [17] [18] [19] . The sulphonate groups increase the hydrophilicity of the polymer which increases both water vapour permeability and selectivity over other gases through increased interactions between polymer and water [6, 11, [13] [14] [15] . Jiang et al. [6] observed two distinct types of behaviour in a SPEEK polymer, where at low vapour activity (< 0.75), the water uptake was moderate but as vapour activity increased above 0.75, there was a sharp increase in water content in the membrane.
This latter increase was more pronounced in membranes of higher sulphonation degree [6] . Potreck et al. observed similar trends when analyzing the water vapour sorption kinetics in SPEEK [20] .
Jia et al. [3] studied the effect of the sulphonation degree on the nitrogen and water vapor permeation properties of PEEK and found that the permeability of water increased with increasing sulphonation degree while the nitrogen permeability decreased. The decrease in nitrogen permeability was attributed to the reduction of free volume that arose from the presence of the -SO3H groups. Consequently, the selectivity of H2O/N2 increased, making sulphonation an effective method for improving membrane separation performance. Similar results have been obtained by Sijbesma et al. [2] and Liu et al. [5] where water selectivity increased with increasing sulphonation degree. These authors argue that the sulphonated end groups aggregate with water molecules to form transport channels through which water diffusion readily occurs [2, 5, 11, 15, 16] .
There have been a number of studies that have looked at the effect of temperature on SPEEK permeation properties. Jia et al. [3] found that water permeability increased as temperature increased from 25 -50 °C and attributed this to an increase in water diffusivity. Similar results were obtained by Wang et al. [21] who found that both water and N2 permeabilities increased with increasing temperature from 30 -50 °C. Most recently, Sijbesma et al. [2] considered the permeation of pure water, CO2 and N2 and mixed gases through SPEEK at 30 °C, 50 °C and 70 °C [2] . They found the gas permeabilities through dry membranes to be very low due to the rigid structure of SPEEK which allows no chain mobility. The presence of water vapour resulted in higher gas permeabilities. This was attributed to increased membrane swelling which resulted in increased free volume. However, these authors observed complex effects of temperature on water permeability. Permeability increased with temperature initially but decreased above 70 °C. This was believed to be due to the two contrasting effects; increased diffusivity of water at high temperature due to increased swelling but reduced solubility of water in the polymer matrix [2] .
However, to date, this work has focused on permeation at temperatures below 100 °C and have focused solely on N2 permeation. For the proposed application, it is necessary to consider temperatures above 100 °C, as brown coal flue gas streams in Australia can reach 200°C. It is also necessary to consider the permeation of acid gases such as carbon dioxide, to ensure that the pH of the product water can be evaluated.
Experimental

Membrane Materials
Sulphonated Poly (Ether Ether) Ketone (SPEEK) membranes with two different ion exchange capacities (IEC) were kindly supplied by FuMA -Tech GmbH, Germany.
Fumapem E630 (IEC 1.6 meq/g) was supplied as the neat SPEEK polymer, while Fumapem E540-GF (IEC 1.9 meq/g) was supplied within glass fibre reinforcement. The membranes were received as A4 sized flat sheets on PET foils. The membranes were peeled away from the PET support and were used as supplied.
Gas Permeation
Pure CO2 and N2 gas permeabilities were measured on a constant volume -variable pressure (CVVP) experimental rig described in detail by Duthie et al. [22] . A variable volume -constant pressure experimental rig was also used as described by Chen et al.
[23] to measure simultaneous water vapour and gas permeability for lower temperatures (20 -60 °C) and at a range of gauge pressures (1 -10 bar) [23] .
A novel mixed gas permeation set-up was developed for measuring the permeability of water vapour and gas permeability at higher temperatures (70 -150 °C) and at gauge pressures of 0.5 -5 bar described in detail in our previous work [1] . In this rig, concentration polarisation was eliminated using mechanical stirrers on both feed and permeate sides. Initial experiments determined that the minimum stirrer speed required to eliminate concentration polarization for IEC 1.9 meq/g was 500 rpm compared to 300 rpm for the IEC 1.6 meq/g polymer on the feed side; and 170 rpm and 150 rpm for both membranes on the permeate side. All subsequent experiments were thus conducted with a feed side stirrer of 600 rpm and a permeate side stirrer speed of 200 rpm. The glass transition temperature(Tg) of the swollen polymer was estimated from the Fox equation [24] (Equation 2), using the glass transition temperature of water as 165K [25, 26] , that for the 1.6 meq/g SPEEK as ~478K and for the 1.9 meq/g SPEEK as ~488K [17] .
Other Analyses
Where w is the weight fraction of water (1) and polymer (2) respectively, while Tg is the temperature in Kelvin.
Results and Discussion
3.3. Thermogravimetric Analysis
Thermogravimetric analysis of wet and dry SPEEK IEC 1.6 meq/g and IEC 1.9 meq/g is shown in Figure 2 . For wet samples (dotted lines), there is an initial mass loss associated with water evaporation at ~ 100 °C irrespective of the IEC of the SPEEK polymer. This water loss is greater for IEC 1.9 meq/g at ~ 11 wt% compared to ~ 9 wt% observed for IEC 1.6 meq/g. The second mass loss at ~320 -370 °C is associated with the acid-catalytic decomposition of the -SO3H group. Commonly, this mass loss is greater for a higher sulphonated polymer due to the greater presence of -SO3H groups.
Similar TGA curves for sulphonated polymers have been observed by several researchers [4, 6, 17, [27] [28] [29] [30] .
The mass loss associated with SPEEK IEC 1.9 meq/g is less than that for the 1.6 meq/g polymer, due to this membrane being reinforced with glass fibre which remains behind and adds to the residual weight after the loss of the SO3H groups. If it is assumed that the residual polymer mass is identical for both the 1.6 and 1.9 meq/g polymers at 900 o C it is possible to estimate that the glass fibres contribute 36% of the total mass of the 1.9 meq/g polymer.
Liquid Water Uptake
The concentration of water in the SPEEK samples after immersion in liquid water is shown in Figure 3 (a). As noted in Section 2.3, the water uptake was corrected to remove the influence of the glass fibres for the 1.9 meq/g polymer. The uptake of water into SPEEK is greater for the polymer with IEC 1.9 meq/g compared to IEC 1.6 meq/g, reflecting the increased density of the -SO3H groups [6, 17, 18] . The water concentration also increases as temperature increases from 5 -70 °C, while the solubility decreases (Figure 3(b) . This reflects the increasing saturation partial pressure of water as temperature increases, which counteracts the declining solubility [23, 31, 32] . Similar trends have been observed by Hande et al. [33] as well as Al Lafi and Hay [34] . Hande et al. obtained a water uptake of 14 wt% at 30 o C and 28 wt% at 70 o C for crosslinked SPEEK with IEC 2.0 meq/g (sulfonation degree 70%) compared to 17 wt% at 25 o C and 24 wt% at 70 o C for SPEEK IEC 1.9 meq/g obtained in this study [33] .
However, these values are significantly lower than the 44 wt% obtained by Potreck et al.
[20] at 20 o C for SPEEK with a sulfonation degree of 59 %. These differences may reflect differences in the manufacture and thermal history of the membrane films.
Water Permeability
To enable comparison with previous studies, the water permeability for the SPEEK membranes was measured at 30 °C, 50 °C and 70 °C on the low temperature mixed gas permeation apparatus described by Chen et al [23] (Figure 4 ). As expected, the water permeability increases with increasing water activity due to the increased water sorption at higher water activities [6, 12] which swells the membrane. For any given temperature and water activity, the water permeability is also higher for the more sulphonated membrane (IEC 1.9 meq/g). This is a result of the increased presence of the sulphonic acid end groups that have greater interactions with water and result in higher water solubility [2, 5, 16] .
It should be noted that these results are derived when the downstream permeate humidity is zero. This implies that the swelling across the width of the membrane is uneven. Koester et al. [35] have shown that varying the humidity of the permeate stream can significantly alter the observed permeability, by varying the extent of this swelling.
The effect of temperature on water permeability gives interesting results when temperature increases from 30 °C to 50 °C (see Figure S .1 in Supplementary Information). At low water activities (<0.4), the water permeability at 50 °C is lower than that at 30 °C. However as water activity increases above 0.4, the water permeability for 50 °C overtakes that for 30 °C. This change in behaviour was also observed by Sijbesma et al. [2] who found a crossover point at a water activity of 0.5 for similar conditions. As shown in Figure 4 , the water permeabilities for IEC 1.6 meq/g and IEC 1.9 meq/g used in this study are in good agreement with those of Sijbesma et al. [2] for SPEEK of IEC 1.7 meq/litre. The results are also consistent with those of Liu et al. [5] who investigated water permeability through SPEEK using a cup method. They reported permeabilities at 100% RH of ~39,000 Barrer and ~110,000 Barrer at 30 °C and 50 °C, respectively, similar to the values obtained in this study.
High temperature water permeabilities measurements at 70 -150 °C were conducted on the steam permeation rig described in previous work [1] . As a result, it is important confirm that the data from the two systems is comparable. This is done in Figure 5 which presents the water permeability obtained on the low temperature rig (dotted line) and the high temperature rig (solid line) at 70 °C. As shown, the permeability values from the two experimental rigs match well at 70 °C for the two SPEEK IECs. The full dataset from both rigs is provided in the Supplementary Information.
The effect of temperature on water permeability at higher humidities is presented more clearly in Figure 6 . There is little change in permeability as temperature increases from 30 °C to 50 °C, giving a low positive activation energy of permeation, Ep ~ 18 kJ/mol and 15 kJ/mol for IEC 1.6 meq/g and IEC 1.9 meq/g respectively at relative humidities above 50%. These are compared to activation energies of water permeability obtained by various researchers as presented in Table 1 . The large variation in the Ep values is due to the differences in the IEC values and the changing shape of the permeability curve in this region. Conversely, as temperature increases above 50 °C, there appears to be a change in mechanism ( Figure 6 ). Closer inspection suggests that this mechanism change occurs at ~50 o C for both polymers at these higher humidities. Above these temperatures, the water permeability decreases continuously reflecting an activation energy that is negative and significantly greater in magnitude ( Table 1 ).
The changes in activation energy of permeability may reflect changes in the activation energy for diffusivity or changes in the heat of sorption. The water solubility curve ( Figure 3) gives no indication of such a shift in mechanism across this temperature range, indicating that solubility is probably not the cause of this behaviour. However, a number of workers have shown that the diffusion coefficient can undergo substantial changes in behaviour with both temperature and solute concentration [36] [37] [38] [39] .
Assuming the heat of solution for liquid water (∆Hs) is similar to that at other humidities (calculated from Figure 3) ; the activation energy of diffusivity (ED) can be determined from Ep by simple subtraction. The values are presented in Table 2 . In the temperature range of 30 -50 o C, the activation energy for diffusion is strongly positive. This is typical of the behavior in simple glassy systems -the diffusivity increases with temperature due to thermal expansion of the polymer, which increases free volume. However, above this temperature range, the activation energy for diffusion is negative.
Potreck et al. [20] observed an initial increase in the Fickian diffusion coefficient within two SPEEK polymers as a function of water concentration in the membrane, as well as relaxation phenomena characteristic of a glassy polymer. However, the Fickian diffusion coefficient in both sorption and desorption runs reached a plateau at a water concentration of ~ 300 cm 3 [STP]/cm 3 .polymer. Potreck et al. argued that at these higher water vapor activities, the polymer transitioned to a rubbery state, as the water dissolved in the membrane matrix plasticized the structure and reduced the glass transition temperature (Tg). Specifically, they argued that the SPEEK polymers transitioned from a glassy to a rubbery state when the Tg decreased to the experimental temperature of 20 °C at a water concentration of around 600 cm 3 [STP]/cm 3 .polymer [20] . A similar transition from a glassy to a rubbery state is also often attributed to changes in the behaviour of Nafion at high temperatures [40] . To check whether this might be the case in the present work, we estimated the glass transition temperature for the 100% humidity case using the Fox equation (Equation 2 ) .
The calculation in the present case ( Figure 7 ) would suggest a transition from a glassy to a rubbery state should occur as experimental temperatures exceed ~104 °C and ~78 °C for SPEEK IEC 1.6 meq/g and IEC 1.9 meq/g respectively. These temperatures are higher than that of the permeability transitions observed in Figure 6 , particularly for the 1.6 meq/g polymer. Further, a transition from a glassy to a rubbery state should lead to a more positive ED value, consistent with plasticization causing an increase in free volume, as observed by most workers. Vrentas [36, 41] uses free volume theory to
show that the diffusivity activation energy should indeed exhibit a discontinuity at the glass transition temperature but that this should lead to a more positive ED, rather than the negative value observed here.
Conversely, Vrentas and Duda [42] show through both theory and experiments that the diffusivity within a rubbery polymer can pass through a maximum when plotted as a function of the solute concentration. This relates to a free volume'filling' mechanism. As the free volume in the polymer fills with solute, the binary system transitions from a polymer containing individual solute molecules to a solution containing individual polymer molecules. Similar phenomena have been observed by authors considering the self diffusion of low-molecular-weight polar and nonpolar organic liquids in nanoporous inorganic materials [43] [44] [45] . These workers observe a maximum in the diffusion coefficient as the number of molecules within a nanoporous cavity increases.
In the low concentration region, the effective diffusivity is determined by molecules in the vapor phase and by surface diffusivity. As the concentration increases, the effective volume of the vapor phase decreases, leading to a decrease of the effective diffusivity.
Finally, capillary condensation occurs and the effective self diffusion coefficient plateaus at a value corresponding to the diffusivity of the liquid phase [43] . In the present case, it is unclear whether the diffusion maximum occurs in the glassy free volume voids, which are comparable to the inorganic cavities, or within the rubbery matrix as suggested by Vrentas and Duda [42] .
The concentration dependence is consistent with the large body of other work where reductions in the diffusion coefficient occur at high water vapor activities due to the clustering of water molecules [39, [46] [47] [48] [49] [50] . The phenomenon of water acting as a free volume'filling' agent to take up free volume has been directly observed by our own group when working with polyamide membranes [51] .
De Angelis et al. [38] observe a similar transition in the diffusion coefficient for a shortside-chain perfluorosulfonic acid ionomer membrane, similar to Nafion. They observe an increasing diffusion coefficient at both 65 o C and 120 o C until a maximum is reached at a water concentration equivalent to ≅ 1.5 mol(H2O)/mol(SO3H). Beyond this the diffusivity declined.
Given the large increases in water concentration as temperature increases in the present case (Figure 3 ) it is quite possible that we are observing a similar phenomenon.
As temperature increases, more water is sorbed into the polymer and this causes water clusters to reduce the free volume and the corresponding diffusion coefficient.
Potreck et al. [20] reported no cluster formation in their work with SPEEK, based on the Zimm and Lundberg clustering function (Equation 3) [52] .
Where a is the penetrant vapour activity, φ is the penetrant volume fraction in the polymer as determined from the equilibrium sorption isotherms, Vi is the molar volume of the penetrant (cm 3 /mol) and G is the cluster integral. They base this conclusion upon the need for the term G/V > 0 for clusters to form, equating to a water concentration in the membrane of at least 380 cm 3 STP/cm 3 polymer. Our results suggest that the water concentrations at 100% humidity in the temperature range 50 -70 °C are in the range 175 to 200 for IEC 1.6 meq/g and ~320 -360 cm 3 STP/cm 3 polymer for 1.9 meq/g.
Again, based on these results, the formation of clusters could possibly explain the change in diffusion coefficient for the 1.9 meq/g polymer, but not the 1.6 meq/g polymer. However, the Zimm and Lundberg analysis is based on an equilibrium (rubbery) polymer [53] and hence predictions from this equation would be expected to be inaccurate for a glassy polymer. Further, Laporta et al. [54] argue that even a little water dissociates sulfonic groups within sulfonated polymers with the formation of stable sulfonic ions (SO3 -) and that counter-ion clusters of water molecules balance the sulfonic ion charge: each cluster behaves as a nucleation centre for water molecules.
This would suggest the formation of water clusters at concentrations below that predicted by the standard Zimm and Lundberg analysis.
CO2 and N2 Permeability
The permeabilities for pure dry CO2 and N2 feed streams are higher for the more sulphonated SPEEK membrane (IEC 1.9 meq/g) at all temperatures, reflecting the greater fractional free volume created by the additional sulphonic groups. The permeability values obtained by Sijbesma et al. [2] at 30 o C are lower than we obtain (Table 1) , while their selectivity is higher. This is indicative of a lower fractional free volume in their polymer, which again may reflect differences in the manufacture and thermal history of the membrane films..
The dry permeability of both CO2 and N2 increases with increasing temperature due to an increase in diffusivity (Tables 3 and 4 and Figure 8 ). The increase is greater for N2
and this consequently results in a reduction in CO2/N2 selectivity as temperature increases. The dry CO2 permeabilities are considerably lower when compared to permeabilities in the presence of water (Figure 8 ). This behaviour is reported by various researchers and is due to the plasticization of the membrane in the presence of water [2] [3] [4] . The activation energy of CO2 permeability at low temperatures (30 -50 °C) in humid conditions is similar to that for the same temperature range in dry conditions i.e. Ep ~ 10 kJ/mol in wet conditions compared to Ep ~ 17 kJ/mol in dry conditions. This suggests the mechanisms for permeation are comparable at low temperatures, reflecting the low concentration of water in the membrane. Furthermore, the CO2 permeability increases as feed water activity increases due to the increased interactions between the -SO3H groups and water molecules that swell the membrane and open pathways for CO2 diffusion. CO2 permeability is greater for IEC 1.9 meq/g compared to IEC 1.6 meq/g, reflecting the greater swelling of the more sulphonated membrane.
Importantly, similar behaviour to the water permeability in Figure 6 is observed with respect to temperature. That is, the CO2 permeability increases from 30 °C to 50 °C but decreases as temperature increases above 50 °C. Similar behaviour was observed by Ma and Skou for the CO2 permeability in a hydrated Nafion membrane [55] . This again may reflect a change in the water clustering or free volume filling within the membrane discussed in the previous section. A decline in CO2 diffusivity with increasing water content in the membrane has been observed by other workers [23, 56] and can again be related to increases in the number and size of water clusters, which inhibit the flow of other gases. This is often referred to as 'anti-plasticisation'.
N2 permeability was also measured for the two SPEEK membranes under humid conditions. The results obtained were similar in magnitude to those obtained by Sijbesma et al. [2] (< 1 Barrer); however such a low N2 permeability is too close to the detection limit of the gas chromatography unit used in mixed gas measurements for accurate values to be reported here.
The selectivity of H2O/CO2 for the two IEC membranes is presented in Figure 9 . As shown, the selectivity is relatively constant up to 50 °C below which it decreases. This is a direct result of the anomaly in the water permeability behaviour observed in Figure 6 .
Sijbesma et al. [2] found that the selectivity of H2O/N2 decreased with temperature as in this case but in fact increased with increasing feed water activity. This is because the increase in CO2 permeation with increasing feed water activity is considerable compared to the limited changes in N2 permeability observed in their work. As stated by many other researchers, a higher degree of sulphonation does improve the separation performance of the membranes as shown by the higher selectivity for IEC 1.9 meq/g (dotted line) compared to IEC 1.6 meq/g (solid line) at any given water activity and temperature [3, 4, 16, 17] . The higher selectivity in the present case may also reflect the presence of the glass fibre reinforcement in the IEC 1.9 meq/g polymer, which will restrict polymer swelling.
Conclusion
The effect of sulphonation degree and temperature on the permeation properties of Sulphonated Poly (Ether Ether) Ketone was studied. The concentration of water in the polymer increased with increasing temperature, reflecting the higher partial pressure of water in the vapour phase and was higher for the highly sulphonated membrane with an IEC 1.9 meq/g. A change in mechanism for both water and CO2 permeability was observed at ~50 °C for both membranes at humidities greater than 50%. Below this transition temperature, both water vapour and CO2 permeabilities increased with temperature, reflecting the common increases in diffusivity that occur as the polymer expands. However, above 70 °C all permeabilities declined with temperature. This is probably due to the large water concentrations hindering the diffusion of both water and CO2 as this solute occupies the free volume.
The SPEEK membrane with IEC 1.9 meq/g had better water permeation properties and H2O/CO2 selectivity compared to IEC 1.6 meq/g. This was due to the higher sulphonic acid content of the membrane that improved membrane performance. This means that this membrane shows greater potential for use to recover water from wet flue gas streams. (open data points) [2] . Note that the 1.9 meq/g data has not been corrected to account for the glass fibres. 
